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Summary

Nineteen sediment trap samples collected over 21-day intervals from a trap located -6.5
km southwest of the Deepwater Horizon oil spill site between -s weeks and 14 months
after the failed Macondo well was shut-in July 15, 2010 (i.e., late August 2010 to
September 2011) were chemically analyzed. The objective was to better understand the
deposition of oil-bearing particles that accumulated on the seafloor, i.e., the so-called
“marine oil snow sedimentation and floccuient accumuiation”, or MOSSFA event, caused
by the Deepwater Horizon oil spill. The following conclusions were reached:

* Declining temporal trends in concentrations and sedimentation rates of TPH, PAHs,
and biomarkers in the trap samples, as well as their chemical fingerprints indicate
increasingly weathered Macondo oil was settling through the water column through
August 2011, i.e. more than 1 year after the end of the spill. The lack of evidence for
evaporation and photo-oxidation (that would have occurred had the oil formerly
reached the sea surface) suggest the oil arriving at the trap was derived mostly
(perhaps exclusively) from the deep-sea plume (rather than from sinking surface oil).

» Following the maximal sedimentation of oil in the first trap sample studied (late
August 2010) the concentrations and sedimentation rates of Macondo oil gradually
decreased over time with increased “pulses” of oil deposition occurring in December
2010 and March/April 2011. A fourth, albeit minor, “pulse” of oil sedimentation
occurred in June 2011.

» The overall declining hydrocarbon concentrations and sedimentation rates,
progression in weathering of the sinking oil over time, and its overall consistency with
the weathered oil residues found on the seafloor following the Deepwater Horizon oil
spill, indicates the sinking oil was derived from the spill - and not from other sources
such as naturally occurring seeps.

+ The overall decline in Macondo oil sedimentation rates during the sampling period is
attributed to natural dispersion of the vestiges of the deep-sea plume, whereas the
distinct “pulses” observed co-occur with increased amounts of sinking particles, that
included both organic (diatoms and other plankton) and lithogenic particles that, we
contend, scavenged the gradually decreasing amounts of “lingering” oil within the
water column for up to about 1 year after the spill ended (i.e. through August 2011).

+ Several lines of evidence imply that the vast majority of the material collected in the
sediment trap originated from the water column rather than stemming from
resuspension from the seafloor below the trap.

* One difference between the Macondo oil in the trap samples and the Macondo oil on
the seafloor is the relative higher depletion of triaromatic steroids (TAB) in the
former. This difference is hypothesized to have been caused by the greater
biodegradation or dissolution of these aromatic biomarkers experienced by the
“lingering” oil during its longer residence within the water column, versus the lesser
biodegradation or dissolution expressed by the oil on the seafloor following the spill.
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which was mostly deposited rapidly and earlier in the spill (i.e., prior to the earliest
trap sample studied herein, or pre-late August 2010; see below).

+ Sinking particles from the last trap sample collected (Sept. 2011) contained only
pyrogenic PAHSs, biogenic perylene, and traces of biomarkers, which are believed to
represent normal “background” deposition for the area.

* The first trap sample collected (late August 2010) contained an “excess” of 16
Priority Pollutant (unsubstituted) PAHs and had a TPAH16 sedimentation rate that
was 20-times higher than existed one year later. The high TPAH16 sedimentation
rate (0.62 pg/m*/day) in late August 2010 is attributed to settling of pyrogenic PAH-
rich combustion residues generated during the in situ burning conducted in response
to the spill.

+ The sedimentation rates calculated for TPH (1,146 pg/m*/day), TPAH50 (3.0
pg/m*/day), and hopane (0.32 pg/m”*/day) were highest during the trap’s first
sampling interval in late August 2010 and declined thereafter. The sedimentation
rates prior to this time, i.e., during the active spill, were undoubtedly higher (see next
bullet).

*+ The sedimentation rates for hopane (a conservative marker for the oil) were used to
estimate ~ 3.7 barrels (bbl) of Macondo oil were deposited in the km” beneath the
trap between late August 2010 through August 2011. The concentration of
Macondo-derived hopane found in surface (0-1 cm) sediments below the trap - as
calculated in another study (Stout et al., 2015) - indicated that the total Macondo oil
deposited beneath the trap was on the order of 104 + 69 bbl/km”*. This large
disparity, on average, suggests that only ~3% (3.7 out of 104 bbl) of the Macondo oil
on the seafloor ~6.5 km southwest of the well was deposited after \aie August 2010
(when the trap sampling started). Oppositely, this indicates -97% of the Macondo
oil deposited on the seafloor in this area was deposited before late August 2010, i.e.,
during and immediately after the active oil spill.

+ Assuming the trap’s location largely is representative of the deep-sea, the vast
majority of the Macondo oil found on the seafloor in 2011 was deposited before late
August 2010, i.e., during the main MOSSFA “dirty blizzard(s)”. After the
“blizzard(s)”, increasingly less “lingering” oil remained in (and was scavenged from)
the water column through August 2011.

Introduction

Marine snow, defined as composite particles > 0.5 mm in size, is a natural and
ubiquitous phenomenon in oceans wherein aggregates of inorganic (e.g., litho- and
biogenic minerals) and/or organic particles (e.g., phytoplankton, microbial mucus-rich
floes, zooplankton feces, feeding structures, detritus, or combustion-derived particles)
sink sufficiently fast to avoid complete degradation and are eventually deposited on the
seafloor (e.g.. Alldredge and Silver, 1988). Marine snow is thought to have played an
important role in transporting oil from the Deepwater Horizon oil spill to the seafloor.

In May and June 2010, in the midst of the Deepwater Horizon oil spill, bacteria-
mediated, mucus-rich marine snow was observed in surface waters associated with
floating oil slicks and sheens from the spill. Visual observations and laboratory studies
have shown that the marine snow, or at least some portion of it, eventually lost buoyancy
and sank, taking some weathered oil from the sea surface with it to the seafloor (Passow
et al. 2012; Passow 2014). Direct evidence for this “marine oil snow” phenomenon was
obtained in sediment trap samples collected during the active spill from a sediment trap
located 58 km northeast of the well (VK826; Stout and German, 2015). At this location.
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oil from the surface (as evidenced by features consistent with photo-oxidation) was
observed within days of the spill’'s beginning, continued throughout the duration of the
spill, and then rapidly declined to pre-spill conditions within a few weeks of the spill's
end. In this shelf edge location, results showed that Macondo oil formerly at the surface
was subsequently deposited on the seafloor during the active spill at a concentration of
about 10 barrels (bbl) per km”*.

In addition, oil within the deep-sea plume that had formed (Diercks et al., 2010), i.e., oil
that had never reached the sea surface, is also envisioned to have been deposited on
the seafloor. The deep-sea plume consisted of both dissolved oil and (neutrally-
buoyant) oil droplets, micelles, or particles (reportedly < 100 mm; North et al., 2011) that
existed between -1 000 and 1300 m in depth and advected horizontally (mostly) to the
southwest from the wellhead (Camilli et al.,, 2010; Hazen et al., 2010; NOAA 2011;
Sokolofsky et al., 2011; Atlas and Hazen, 2011; Ryerson et al., 2012). Marine snow was
also observed within the deep-sea plume in May and June 2010 (J. Payne, personal
communication)* and is believed to have carried oil particles “scavenged” from the deep-
sea plume to the seafloor.

The sinking of marine oil snow from the sea surface and deep-sea plume to the seafloor
led to the widespread accumulation of oil-bearing “floe” on the seafloor, a phenomenon
that has been referred to as “marine oil snow sedimentation and floccuient
accumulation” or MOSSFA (Kinner et al. 2014). The sediment trap data from the shelf
edge confirmed the settling of marine oil snow and projected this phenomenon to have
occurred over a large area (-7,600 km#; Stout and German, 2015). Chemical evidence
for the MOSSFA phenomenon and the widespread occurrence of seafloor floe
containing Macondo oil has also been obtained from the study of deep-sea sediments
(Valentine et al., 2014, Chanton et al., 2015; Romero et al., 2015; Stout, 2015e), deep-
sea corals (White et al., 2012; Hsing etal.,2013; Fisher etal.,2014; Brooks etal.,
2015), and benthic infauna (Montagna et al., 2013).

Although the formation and sinking marine oil snow and resulting accumulation of
seafloor floe containing Macondo oil are unequivocal, questions remain regarding the
timing, sedimentation rate (flux), duration, and pathways by which the oily floe was
deposited. For example, when and for how long after the spill was the oil-bearing floe
deposited on the seafloor? Did the oil within the floe come mainly from oil sinking from
the sea surface or from oil present within the deep-sea plume?

In this study, the character, flux, and duration of oil in sinking particles collected from a
sediment trap located -6.5 km southwest of the Macondo wellhead at a water depth of
1,400 m are reported. Twenty (20) trap samples were collected on 21-day intervals
spanning from - weeks to 14 months after the failed Macondo well was shut-in July 15,
2010.

The results of this study provide direct evidence that marine oil snow was still settling
through the water column at this location through August 2011, i.e. more than 1 year
after the end of the spill. The presence of oil in the water column many months after the
end of the spill, provides an explanation for the presence of oil in mesozooplankton in
the fall of 2010 (Mitra et al. 2012). The sedimentation rate of oil as measured by the
trap is much lower than was calculated for the underlying surface sediments from the
same area (Stout et al., 2015), suggesting that the vast majority of the oil deposited on

AFor example, see video from the Jack Fitz 3 NRDA cruise (June 2010) showing occurrence
settling behavior of oil particles, marine snow, and mucus strings at depths within the deep-sea
plume (Video Files: P6130729.AVI, P6130730.AVI, P6191861.AVI; NOAA DIVER).
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the seafloor in this area was deposited prior to late August 2010, when the first trap
samples were collected. From this we infer that the oil captured in our trap samples
represented only “lingering” vestiges of oil formerly present in the deep-sea plume that
had existed during the active spill.

Samples and Methods

Nineteen (19) sediment trap samples were provided to NOAA for analysis by Dr. Uta
Passow (University of California, Santa Barbara; Table 1), the amount of material
collected in the last, the 20** cup, was not sufficient for detailed analysis. The samples
were collected with a Kiel sediment trap (KUM) that was deployed at 28° 42.360’N; s s °
25.325'W, approximately 6.5 km (4 mi) southwest of the Macondo well and 1.6 km east
of Biloxi Dome (Figure 1). The water depth at this location was 1,538 m and the trap
was set about 105 m above the seafloor, i.e., water depth of about 1,433 m. Thus, the
trap depth was below the “floor” of the deep-sea plume (-1,000-1300 m).

Sample bottles (300 mL polypropylene) on a carousel below the funnel-shaped trap
(collection surface 0.5 m"; Fig. 1) collected samples over 21-day intervals starting
August 25, 2010 and ending September 28, 2011 (Table 1). Bottle contents were
preserved in situ during collection with HgCb and upon retrieval were maintained cold
(4°C) and dark until processed for analysis. Splits (1/8" or 1/16™) of the total particulates
collected in each bottle were provided to Alpha Laboratory (Mansfield, MA) for chemical
analysis. These samples consisted of artificial seawater slurries, which were
transferred to pre-weighed 250 mL glass extraction jars and centrifuged in order to
concentrate the collected material.® The water was decanted and archived. The
concentrated material was split with an aliquot used for dry weight determination (Table
1) and the remainder used for chemical analysis. Because Alpha received 1/0" or 1/16”
aliquots of the total sample, the total mass (dry weight) of trap material collected in each
sample could be calculated (Table 1). These ranged from 19.3 g (Cup 1) to 2.8 g (Cup
5; Table 1).

The trap samples for chemical analysis were spiked with recovery surrogates and
serially-extracted (3x) using fresh dichloromethane (DCM). Each sample’s serial
extracts were combined, dried with sodium sulfate, and concentrated. The
concentrated extracts were then processed through silica gel, eluting with DCM,
following adaptations of ERA Method 3630. The silica-cleaned extracts were then
concentrated and spiked with internal standards prior to instrument analysis. The
extracts were analyzed in accordance with NOAA (2014) for:

(1) Total Petroieum Material (TPH) and Saturated Hydrocarbon (SHC)
Quantification and Fingerprinting: a modified ERA Method 8015B was
used to determine the TRH concentration (cs-c+4) and concentrations of
individual n-aikanes (c9-c40) and (c1s5-c20) acyclic isoprenoids via gas
chromatography-flame ionization detection (GC/FID). Concentrations of
target compounds are reported in pg/gdry (ppm).

2 The original sample bottles (300 mL polypropylene) were subsequently provided for chemical
analysis. This was done as a means to assure that no residual oil was left coating/staining the
inside of the jars; subsequent analysis ofthe jars confirmed the staining observed on the empty
polypropylene bottles was not oil. No further analysis was conducted on the original sample
bottles.
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(2) PAH, Alkylated PAH and Petroleum Blomarkers: a modified EPA Method
8270 was used to determine the concentration of (1) approximately 80
PAH, alkylated PAH homologues, individual PAH isomers, and sulfur-
containing aromatics and (2) approximately 50 tricyclic and pentacyclic
triterpanes, regular and rearranged steranes, and triaromatic steroids via
GC/MS operated in the selected ion monitoring mode (SIM).
Concentrations of target compounds are reported in *g/gdry (ppm). The
target analytes for this analysis are listed in Table 2. Note that two PAH
totals are given, viz. TPAH16 and TPAH50. TPAH16 represents the total
of 16 Priority Pollutant PAH analytes (see bold; Table 2) and TPAHS50
represents the total of all 2- to s-ring PAH analytes ranging from
naphthalene to benzo(g,/?,/)perylene, excluding perylene.

The TPH, SHC, PAH and biomarker concentration data reported herein are non-
surrogate corrected. The analytical results for all 19 samples are also reported through
NOAA DIVER as surrogate corrected results. Several samples had TPH concentrations
below the sample-specific reporting limit (i.e., concentrations were J-qualified and
considered estimates); these were converted to non-detected in DIVER, but were
utilized as reported herein.

In addition, separate aliquots of each of the trap samples were analyzed for particulate
organic and inorganic matter (POM, PIM), as well as for biogenic silica (BSI) and
lithogenic minerals. Replicate sample splits were filtered onto pre-weight and pre-
combusted (450°C for 4-6 hours) 25 mm GF/F filters, briefly rinsed with Milli-Q water and
dried at 60°C before reweighing (total dry weight). Subsequently the filters were
combusted at 450°C for 4-6 hours to remove organic matter and reweighed again
yielding mass of PIM. POM was calculated as the difference between the total dry
weight and PIM. Replicate filters (25 mm GF/F) were used to determine particulate
inorganic carbon (PIC) as the difference of the acidified (fumed with 10% HOI) and non-
acidified particulate carbon, analyzed using a CHN elemental analyzer (model CEO
440HA by Control Equipment; now Exeter Analytical) following Shipe and Brzezinski
(2003). Subsamples of the splits were also filtered onto 0.6 pm polycarbonate filters for
BSI analysis (Mortlock and Froelich, 1989). Briefly, filters were hydrolyzed with NazCo s
running a 0.5 to 5 hour time series and analyzed colorimetrically. The time series allows
corrections for beginning lithogenic silica dissolution during hydrolysis of BSi. The
concentration of lithogenic material was calculated by subtracting PIC and BSi from PIM.

QOil Deposition Flux

Hydrocarbon sedimentation rates (flux) for TPH, TPAH16, TPAH50, and hopane
(pg/m*/day) were calculated by multiplying the concentration of these hydrocarbons in
trap samples (pg/g dy) by the total mass of particles in the trap samples (g dy) divided by
0.5 m" (surface area of the trap) then divided by the days deployed (days):

Flux (pg/m*/day) = [(Cone pg/g dy) x (Mass g dy)] 0.5 (m") = days Eq. (1)

Hopane (17a(H),2ip(H)-hopane) was one of the targeted petroleum biomarkers, which
is recognized to be highly recalcitrant to oil weathering processes (Prince et al., 1994).
The sedimentation rate of hopane in the trap samples was used to estimate the
sedimentation rates of Macondo oil on a mass (kg/km”#/day) and volume
(barrels/km”/day) basis using the previously-determined concentration of hopane (65 .s
pg/g; Stout, 2015a) and density (0.856 g/ml at 5°C; Stout, 2015b) of fresh Macondo oil.
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Sedimentation rates of POM, PIM, BSi and lithogenic material were calculated from
measured concentrations and filtered volume taking split size, the surface area of the
trap and the deployment interval into account.

Depletion of Steranes

The loss (depletion) of selected dia- and regular steranes in the sediment trap samples
was determined based upon mass losses relative to hopane, which (as noted previously)
has proven recalcitrant to biodegradation (Prince et al. 1994). The percent depletions of
these selected biomarkers in the trap samples were calculated using the following
formula:

%Depletion of s = [((so/Ho)-(Ss/Hs))/(So/Ho)1x 100 Eq. (2)

Where Ss and Hs are the concentrations of the selected steranes and hopane in the trap
sample, respectively, and So and Hq are the concentrations of the selected steranes and
hopane In the average, fresh Macondo source oil (Stout, 2015a). Although hopane can
be degraded under some circumstances, if it (ns) were in a given sample any %
depletions calculated are underestimated.

As is common practice, and in order to eliminate the effects of varying surrogate
recoveries on the percent depletion calculations, non-surrogate corrected concentrations
are used in these calculations.

Results and Discussion

The results are presented in four sections. The first section briefly introduces the
temporal sequence of hydrocarbon concentrations in the sediment trap samples. The
second section details chemical characteristics of these hydrocarbons, i.e., their
chemical fingerprints. Together these results show that increasingly weathered
Macondo oil arrived at the trap in varying but overall decreasing concentrations during
the study. In the third section, the sedimentation rate (flux) of hydrocarbons (and, thus
oil) are presented and discussed in the context of sedimentation rates of organic and
inorganic particles (POM, and biogenic silica and lithogenic minerals), as a means to
better understand the specific mechanisms by which oil was transported to the seafloor
during the study period. Finally, the fourth section considers the calculated flux of
Macondo oil in the trap samples relative to that which is evident in seafloor sediments
below the trap as a means to assess the mass/volume of oil deposited before and after
the trap was in place.

1: Hvdrocarbon Concentrations

Figure 2 shows the temporal trends in the concentrations of TPH, TPAH50, and hopane
in the trap samples over the study period. Tabulated data are given in Table 3. Each
trend shows an overall decrease in hydrocarbon concentration of trap material over the
sampling time, which spanned from six weeks to 14 months after the Macondo well was
sealed. During the overall decline in hydrocarbons concentrations, three clear maxima
are observed in the Cups 1,6 ,and 11 sampling periods (Fig. 2). Although these
maxima do not alone indicate “pulses” of oil arriving at the trap, the corresponding TPH,
TPAHS50, and hopane sedimentation rate data (discussed later in this report) confirm
these concentration maxima correspond to periods of higher oil deposition and therefore,
are referred to as “pulses” in Figure 2 and hereafter. In addition, the minor maximum
observed In Cup 15 is also considered as a fourth, albeit minor, “pulse” of oil (Fig. 2).
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The specific chemical character of the hydrocarbons arriving at the trap is discussed in
the next section.

2: Hvdrocarbon Characteristics

Total Petroleum Hydrocarbons

The chemical fingerprints of the TPH found in the trap samples is revealed by their
GC/FID chromatograms. Examples of these, specifically representing the times of the
four “pulses” described above (Fig. 2), are shown in Figure 3.

The TPH in Cup 1 (Pulse 1) was dominated by a broad unresolved complex mixture
(UCM) spanning from around c1s to c40, reaching a maximum around cs+ (Fig. 3A). The
DCM is a long-recognized feature of weathered petroleum (e.g., Gough and Rowland,
1990), indicating the clear presence of weathered crude oil in the Cup 1 sample.
Resolved compounds atop the UCM include oil-derived acyclic isoprenoids (pristane and
phytane). Shorter-chain n-alkanes are largely absent although longer-chain (n-Czs+) n-
alkanes are still present. The presence of these long-chain n-alkanes in weathered
crude oil is attributed to their lower susceptibility to biodegradation, particularly in marine
oil spills (Heath et al., 1997; Peters et al., 2005), which tends to preserve the “high” solid
n-alkanes due to steric hindrance effects (Setti et al., 1993). Also present are numerous
(mostly) later-eluting resolved compounds, which full scan GC/MS analysis revealed
include squalene and multiple (unidentified) unsaturated, highly-branched isoprenoids
and cyclic terpenoids (triangles. Fig. 3A). These compounds are biogenic and
associated with recent marine biomass (not oil), which was particularly abundant in the
Cup 1 sample (see photo; Fig. 2) due to a sinking diatom bloom that occurred in late
August 2010 (see later discussion of POM and biogenic silica sedimentation rates).*

The TPH in Cup s (Pulse 2; Dec. 2010) and Cup 11 (Pulse 3; April 2011) also exhibited
broad UCMs consistent with weathered crude oil, although their UCMs are somewhat
higher boiling than that of Cup 1 (Fig. 3B-C). This is consistent with the Cup s and Cup
11 oils being more highly weathered (biodegraded) than the oil in Cup 1, a feature also
indicated by the absence of pristane or phytane. In addition to containing a suite of
biogenic isoprenoids and terpenoids, the oil in Cups s and 11 also contained prominent
long-chain n-alkanes ranging from about n-Czsto n-Css, reaching a maximum around n-
css range (Fig. 3B-C). These long-chain n-alkanes exhibit no odd-over-even
predominance typical of modern plant waxes, but instead appear typical of oil. As in the
Cup 1 oil, the presence of these long-chain n-alkanes in weathered crude oil is attributed
to their preservation during biodegradation (Setti et al., 1993; Heath et al., 1997). In
total, the shift in the UCM toward higher masses, the absence of pristane and phytane
and the greater prominence of long-chain n-alkanes in the Cup ¢ and 11 are all
consistent with an increased level of biodegradation of the crude oil arriving at the trap
during Pulses 2 and 3, as compared to Pulse 1 (Cup 1). The fact that the oil arriving at
the trap over time was increasingly biodegraded is consistent with the advancement in
weathering of Macondo oil present within the water column - rather than the arrival of
some other oil at a single level of weathering such as might be episodically released
from natural oil seeps.

The weathered character of the oils found in the trap samples are consistent with those
exhibited by the Macondo oil found widespread on the seafloor following the Deepwater

A Microscopic examination revealed this biomass was largely comprised of the diatom,
Skeietonema.
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Horizon oil spill (Stout, 2015e). For example, Figure 3F shows the GC/FID
chromatogram for a surface sediment (0-1 cm) collected in May 2011 and located about
I km southeast of the sediment trap studied. This sample is typical of the seafloor floe
containing Macondo oil that was found in surface sediments throughout the deep-sea
following the Deepwater Horizon oil spill (Stout, 2015e). As can be seen, the seafloor
floe (Fig. 3F) exhibits the same general features as the oil found in the Cup s and Cup

Il sediment trap samples (Fig. 3B-C), wz., broad UCM, no pristane or phytane, and
prominent long-chain n-alkanes. These characteristics (and the PAH and biomarker
discussed below) indicate the oil present in the sediment trap samples collected
between August 2010 (Fig. 3A) and (at least) April 2011 (Fig. 3C) is weathered Macondo
oil comparable to that found in seafloor floe deposited throughout the deep-sea (Fig. 3F).

After April 2011, the trap samples collected contained increasingly lower concentrations
of TPH (Fig. 2). As such, the GC/FID chromatograms of these later samples contained
less-and-less of an UCM and long-chain n-alkanes, and more-and-more biogenic
material considered typical of marine biomass. For example, only traces of an oil-
derived UCM and long-chain n-alkanes are still present the Cup 15 sample (Pulse
4/June 2011), which is instead dominated by biogenic material (see triangles. Fig. 3D).
Thus, although present in lower concentrations (Table 3; Fig. 2), the trap samples
collected after April 2011 (Cups 13 to 18) still appeared to contain traces of highly
weathered oil (e.g.. Fig. 3D). Only the last sample analyzed (Cup 19) contained no
recognizable traces of a petroleum-associated UCM or long-chain n-alkanes (Fig. 3E).
Cup 19’s TPH appears entirely attributable to biogenic material.

Poiycyclic Aromatic Hydrocarbons (PAHSs)

As the concentration of total PAHs (TPAH50) declined over time (Fig. 2), the distribution
of individual PAHs in the trap samples also varied over time. Fig. 4A-E shows the PAH
concentration histograms for the same five trap samples that were shown in Figure 3A-
E. The first four of these represent the multiple “pulses” of oil arriving at the trap (as
described above), and like the TPH, these oils exhibit increasing levels of weathering
over time.

The progression in PAH weathering evident in the Cup 1 through Cup 15 (Fig. 4A-D)
was evident in the increasing abundances of higher molecular weight PAHs and PAHs
with higher degrees of alkylation. Eventually the high molecular weight
benz(a)anthrancenes and chrysenes (BC1-BC3) became the most abundant of the
PAHs present (Fig. 4D). This progression is typical of weathering of crude oil due to the
combined effects of dissolution and biodegradation, both of which tend to preserve
higher molecular weight PAHs with higher degrees of alkylation (EImendorf et al., 1994).
Thus, the PAHSs in the oil arriving at the trap over time were increasingly weathered,
which as noted for TPH, is consistent with a progression in the weathering of Macondo
oil within the water column. This observed pattern is not consistent with the appearance
of another oil episodically released from seeps.

Notably, the Cup 1 (Pulse 1) oil contained a prominence of alkylated decalins (D0-D4)
that exceeded the concentration of naphthalenes (NO-N4; Fig. 4A). This is notable
because the concentration of naphthalenes far exceeds that of decalins in the fresh
Macondo oil (Stout, 2015a). Naphthalenes are more soluble than, but comparably
volatile with decalins. It is obvious that naphthalenes have been dramatically reduced in
the Cup 1 oil compared to decalins (Fig. 4A), which indicates that the oil in this sample
has been water-washed but not significantly evaporated. Because oil that had reached
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the surface (and subsequently sunk) would have likely experienced greater loss of
decalins due to evaporation, the decalins’ relative prominence in the Cup 1 sample’s oil
indicates that most of the Macondo oil present could not have come from the sea
surface, as otherwise decalins would have appeared more evaporated. We interpret this
to mean that the oil found in Cup 1was more likely derived from water-washed oil from
the deep-sea plume (and not from evaporated and water-washed oil that had sunk from
the sea surface). This perhaps makes sense since floating surface oil had dissipated by
late August 2010 (when Cup 1 was collected). The same might be concluded for the
Cups s and 11 oils, which also retained traces of decalins, though in declining
abundances (Fig. 4B-C). The later arriving oil in Cup 15 was too highly weathered to
make this type of distinction (but clearly no floating surface oil was still present in the
region by June 2011).

The last trap sample studied (Cup 19; Sept. 2011) contained the lowest measured
concentration of TPAH50 (0.064 |j,g/g), most of which was comprised of Priority Pollutant
(i.e. non-alkyl substituted) TPAH16 (0.048 pg/g; Table 3; Fig. 4E). As evident in the
TPH results (Fig. 3E), the PAH results also provide no evidence for any oil present in
this sample. Instead, the Priority Pollutant PAHs present in this sample at low levels,
and virtual absence of alkylated PAHs, are more reasonably attributed to a “background”
deposition of riverine or atmospheric combustion particles, which are known to be
enriched in Priority Pollutant PAHs (Blumer and Youngblood 1975), and are presumably
falling out and sinking in the deep-sea at a low background rate.

Not surprisingly the general character of the PAHs in the trapped oils closely matched
the character of PAHs in the Macondo oil (oily floe) found in surface sediments
throughout the deep sea (Stout, 2015e). For example. Figure 4F shows the average
PAH distribution for seafloor oily floe (0-1 cm) collected from 20 cores located three to
five miles from the Macondo wellhead (Stout, 2015e), i.e., about the same distance as
the sediment trap studied herein. Like the trap samples containing oil (Fig. 4A-D),
PAHSs in the oily floe from the seafloor also are dominated by Cs- and Cas- alkylated
benz(a)anthracenes and chrysenes, with increasingly lower abundances of alkylated
fluoranthrenes/pyrenes, phenanthrenes/anthracenes, naphthalenes, and alkylated
decalins (Fig. 4F). Thus, as was the case with the TPH, the PAHs found in the trap
samples collected between late August 2010 and April 2011 (Pulses 1to 3; Fig. 4A-C),
and potentially even longer (Pulse 4; Fig. 4D), are consistent with increasingly
weathered Macondo oil (Fig. 4F).

Unique among the samples studied. Cup 1 contained prominent Priority Pollutant (non-
alkylated parent) PAHSs, as indicated by the arrows shown in Fig. 4A and the higher
TPAH16 concentrations (Table 3). These apparently “extra” non-alkylated PAHs are
not reasonably attributable to petrogenic sources and markedly exceed the
concentration of Priority Pollutant PAHs present in the Cup 19 “background” sample. It
is well established that Priority Pollutant PAHs, particularly high molecular weight non-
alkylated PAHs, are abundant in partially combusted organic matter, including partially
combusted oil (e.g. Blumer and Youngblood 1975; Wang et al 1999). Therefore, we
attribute “extra” Priority Pollutant PAHs in the Cup 1 trap sample (only; Fig. 4A) to the
sedimentation of combustion particles derived from the in situ burning (ISB) of floating
Macondo oil, which was used as a countermeasure in response to the Deepwater
Horizon oil spill. Specifically, between April 28 and July 19, 2010 approximately 220,500
to 310,400 barrels (bbis) of floating Macondo crude oil reportedly were consumed in 411
separate ISB events (Mabile and Allen, 2010; Perring et al.,, 2011). At least some
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fraction of the uncombusted emissions from these fires returned to the sea surface and
settled through the water column. The “extra” Priority Pollutants present in the late
August-early September trap material (Cup 1; Fig. 4A; Table 3) thereby likely reflects the
sinking of combustion particles from the ISB events, as is also confirmed by
measurements of black carbon (Yan et al. 2015). The fact that the last ISB events
occurred in mid-July 2010, and that “extra” Priority Pollutant PAHs were not observed
after late August-early September (Cup 1), indicates that combustion particles from the
ISB events apparently did not “linger” in the atmosphere or water column for more than 5
or s weeks.

Finally, it is notable that the absolute concentration of perylene in the trap samples was
generally constant throughout the sampling period except for those samples collected in
Cups 1 and 10, which contained about twice as much perylene as the other samples
(Table 3). Perylene is considered a biogenic PAH, derived from multiple sources of
biomass, including diatoms (Venkatesan, 1988). Cups 1 and 10 each also
demonstrated elevated fluxes of biogenic silica (see below), which is consistent with
elevated diatom biomass. Sinking diatom blooms are frequently responsible for maximal
sedimentation rates, and it is therefore perhaps not surprising that Cups 1and 10 each,
which had the highest concentrations of perylene and BSi, also contained the highest
total masses of particulate material measured as dry weight (Table 1). Interestingly, the
diatom bloom events represented in Cups 1 and 10 also coincide with Pulses 1 and 3
(Fig. 2; Table 3), which suggests sinking diatom biomass from these blooms appear
efficient at “scavenging” the lingering Macondo oil and combustion products from the
water column. This mechanism for transporting oil to the seafloor is further discussed
later in this report.

Petroleum Blomarkers

As noted above, hopane concentrations in the trap samples decreased over the
sampling period with minor increases generally coincident with “pulses” in TPH and PAH
(Fig. 2; Table 3). Hopane, of course, is only one of the targeted blomarkers present in
crude oil - and in the case of the trap samples studied, hopane was the most abundant
biomarker detected. Its dominance can be seen in Figure 5, which shows hopane-
normalized histograms of all targeted biomarkers in the same five trap samples shown in
Figures 3 and 4. For comparison, also shown in Figure 5 are the average biomarker
distributions for fresh Macondo oil (Stout, 2015a) and for Macondo oil collected from the
seafloor surface (0-1 cm) of 20 cores three to five miles from the Macondo well (Stout,
2015e).

Inspection reveals that there is an overall similarity between the biomarkers in the trap
samples and those of fresh Macondo oil and/or Macondo oil (oily floe) on the seafloor.
However, there are some differences between the oil in the trap samples versus the
fresh Macondo oil or oily seafloor floe for each of the three classes of blomarkers, viz,,
triterpanes (blue), diasteranes and steranes (red), and triaromatic steroids (TAS; yellow).
Without further consideration these biomarker differences might be blindly interpreted to
indicate that different (non-Macondo) oil is present in the trap samples. However, this is
not the case. The observed differences are attributable to (1) interferences with
biomarkers derived from recent marine biomass in the trap samples or (2 ) the effects of
weathering, viz., biodegradation and dissolution, as discussed in the following
paragraphs.
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With respect to the triterpanes, various terpenoids were clearly evident in the GC/FID
chromatograms of the trap samples (Fig. 3). Recent sediments contain terpenoids
derived from modern algal and/or microbial biomass, including numerous hopenes and
17p(H),2ip(H)-hopanes (Simoneit 1986; Hood et al. 2002). These modern terpenoids
can interfere and co-elute with targeted (oil-derived) biomarkers within m/z 191 mass
chromatograms (not shown). Under the GC/MS conditions used for this study modern
terpenoids co-elute with at least four targeted blomarkers (llia, T20, T26, and T35;
Table 2), which are indicated by the light-blue stippled bars in Figure 5. The largest of
these occurs atT20 (moretane; Fig. 5) and is likely due to the co-elution of
17p(H),2ip(H)-30-norhopane, a naturally-occurring triterpane, which can be prominent in
recent marine sediments (Kennicutt and Comet, 1992). Thus, the prominence of these
modern terpenoids (mostly biohopanoids) in the trap samples is attributed to modern
biomass and not the presence of a “different” type of crude oil.

Minor differences in sterane distributions are also likely affected by the presence of
modern marine biomass in the trap material. However, significant differences between
the trap samples and fresh Macondo oil and seafloor floe containing Macondo oil appear
in the relative abundances of Cz7 pa-diasteranes (S4 and S5) and Cz7 pp-steranes (S14
and S15; Table 2; Fig. S).* Specifically, the abundances of these compounds in the trap
samples appear intermediate between the fresh Macondo oil and seafloor floe. In
addition, the relative abundances of these diasteranes and steranes tend to decrease in
the trap samples over time. This temporal trend can be seen in the few examples of
trap oils shown in Figure 5A through 5D, but is more easily seen in Figure s , which
shows the calculated percent depletions of C27 pa-diasteranes (S4 and S5) and Cz7 pp-
steranes (S 14 and 815) for all 19 of the trap samples studied. The progressive loss of
these compounds is clearly evident in Cups 1 through s (late August 2010 to late
January 2011) and appears to continue, albeit with some scatter, thereafter (Fig. s ).

As is evident in Figure 5 (see black dashed lines), the C27 pa-diasteranes and Cz7 pp-
steranes were significantly depleted within the widespread seafloor floe found in surface
sediments (Stout, 2015e). A comparable loss of pa-diasteranes and pp-steranes was
also reported by White et al. (2012) for the Macondo oil within floe found on deep-sea
coral samples collected from northeast Biloxi Dome in later 2010. The preferential loss
of C27 Pa-diasteranes and/or Cz7 pp-steranes has been previously observed in highly
biodegraded oils from the environment (Wang et al., 2001; Prince et al. 2002) and in
vitro (Diez et al., 2005). Thus, these compounds’ progressive depletion in sinking oil
(Figs. 5 and s ) and their depletion in floe from the seafloor or deep-sea coral, is
attributed to biodegradation of the Macondo oil (and not the presence of a “different”
type of crude oil). This progressive loss of C27 diasteranes and pp-steranes is consistent
with the progressively weathered character of the TPH and PAH present in the trap
samples (Figs. 3 and 4; see above).

As per the TPH and PAH, the gradual depletion of dia- and regular C27 steranes in the oil
arriving at the trap (Fig. s ) is important as it shows the oil arriving at the trap was
progressively weathered over the study period - despite at least some of the oil arriving
in “pulses”. Increasingly weathered oil arriving at the trap over time would be consistent
with oil released from the Deepwater Horizon oil spill, which progressively weathered

Some loss ofthe C27r aa-steranes are also suspected (812 and 817; Fig. 5). However,
because these compounds co-elute with C29 diasteranes (813 and 818) the observed depletion
cannot confidently be attributed to the loss to any one compound.
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during its residence time in the water column. On the other hand, the arrival of
increasingly weathered oil would be inconsistent with an oil that was released
episodically from a natural oil seep. Thus, the progression in sterane weathering over
time (Fig. 6) is a convincing line of evidence that the arriving oil was from the Deepwater
Horizon oil spill, and not from a natural oil seep.

Finally, the most obvious difference between the biomarkers in the oil from trap material
and fresh Macondo oil or Macondo oil found in seafloor floe is the significant depletion of
all four TAS congeners measured in the trap material (see yellow bars; Fig. 5). The
cause for this difference is interesting given the otherwise high similarity between the oil
from trap samples and Macondo oil in seafloor floe (e.g.. Figs. 3 and 4). Given the other
changes due to weathering on TPH, PAH and other biomarkers described above, some
form of weathering must be responsible for the depleted TAS, as discussed in the
following paragraphs.

Given their condensed aromatic structures, TAS are considered susceptible to photo-
oxidation and were observed to be variably depleted in floating and stranded Macondo
oils (Aeppli et al., 2014; Stout, 2015c,d). However, photo-oxidation also affects other
uv-sensitive compounds; e.g., an enrichment of chrysene and methyl-chrysenes relative
to C2+ chrysenes has been observed in photo-oxidized oils (Garrett et al., 1998). No
such enrichment is evident in the trap samples (Fig. 4) arguing that photo-oxidation
could not explain the depleted TAS in the trap samples. Furthermore, photo-oxidation
would mandate that the oil within the traps had once been at the sea surface, which
does not seem likely given the general lack of evaporation of the decalins (at least in the
Cup 1 sample; Fig. 4A, see discussion above). Evaporation of the TAS can also be
ruled out given the lack of evaporation among many more volatile constituents in the trap
samples.

This leaves biodegradation or dissolution as possible causes for the depletion of TAS
found in the oil within the trap samples. We believe that both processes could have
affected the Macondo oil arriving at the trap. As explained in the next section, we
contend that the oil collected in the trap represents the “lingering” fraction of oil that
remained within the water column long after the spill. (Most oil that had been present
within the water column during the active spill was previously scavenged by marine
snow or otherwise deposited on the seafloor, or transported out of the area study.)
Theoretically, this “lingering” oil may have experienced greater degrees of dissolution or
biodegradation due to its longer residence in the water column. Both dissolution and
biodegradation of TAS in the “lingering” oil may also have been enhanced if the
“lingering” oil consisted of smaller droplet sizes. Specifically, smaller oil droplet size
would have larger surface area-to-volume ratios, allowing greater dissolution and/or
biodegradation to occur at their surfaces. Smaller droplet size might also have allowed
for longer residence within the water column, because smaller particles are less likely to
encounter sinking marine snow, whereas larger oil droplets would be scavenged and
deposited on the seafloor more quickly. Therefore, at present, we contend the most
likely explanation for the greater depletion of TAS in the oils within the trap samples
(versus TAS in seafloor floe) lies in the apparent longer residence time of oil within the
water column, and perhaps smaller droplet size.

3: Sedimentation Rates (Fluxes) of Oil and Marine Particles
The presence of Macondo oil in the trap samples provides an opportunity to assess the
sedimentation rate of oil to the deep-sea floor between about 6 weeks and 14 months
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after the Macondo well was sealed (July 20, 2010) ending the spill. In addition, the
relative sedimentation rates of oil versus “non-oil” particulates provides a means to
assess the mechanism(s) by which oil was carried to the seafloor during this period.

Several lines of evidence indicate that the Macondo oil collected in trap samples
stemmed from the water, rather than being resuspended into the trap from the seafloor
below. (1) Microscopical investigations revealed that a significant fraction of the diatoms
causing the large sedimentation event in September 2010 (cup 1), were intact cells, not
just empty or broken frustules. The clear dominance of one species also is typically for a
sinking bloom, not for resuspended material (Yan et al. 2015). (2) Whereas planktonic
foraminifera were found abundantly in all cups, benthic species were absent exceptin
cups 13, 14, and 18, where they contributed less than 1% of all foraminifera (Yan et al.
2015). (3) Resuspension to more than 100 m above the seafloor requires high current
speeds, but the northern Gulf of Mexico was free from large storm events during this
time. (4) The overall decreasing trend of oil (Fig. 2) sedimentation could not be explained
if resuspension caused the input of this material into traps, as these substances were
still layered on the seafloor long after our trap was retrieved. (5) The fingerprint of the oil
collected in the trap showed a different weathering process than the oil collected from
the seafloor (e.g., TAS).

Table 4 contains the sedimentation rates calculated for TPH, TPAH50, and hopane for
the trap samples studied. These rates are plotted in Figure 7, and akin to the
concentration trends discussed earlier (Fig. 2), two patterns are evident in these
sedimentation rates. First, there is an overall decline in the amount of oil reaching the
trap over the entire study period, late August 2010 to September 2011 (6 weeks to 14
months after the end of the spill). Second, superimposed on the overall decline there
were “pulses” of higher oil sedimentation rates that clearly occurred on three occasions
(Pulses 1to 3) and less clearly on a fourth occasion (Pulse 4; Fig. 7).

Chemical fingerprinting demonstrated that the oil reaching the trap was consistent with
increasingly weathered Macondo oil, derived (at least mostly if not exclusively) from oil
within the deep-sea plume. Based upon the combined evidence of the overall declining
sedimentation rates following the spill, and the character and progression in weathering
of the oil that reached the trap over time, it is evident that “lingering” Macondo oil was
still present in the water column (and being transported to the seafloor) in decreasing
amounts over the time period spanning from Cup 1 (late August 2010) to Cup 18 (late
August 2011). This means that Macondo oil was still being transported to the seafloor
for up to 13 months after the spill had ended. Only in Cup 19 (early Sept. 2011) was
there no clear evidence for the presence of Macondo oil.

The overall decline in oil sedimentation rates over the time (Fig. 7) is likely attributed to
increasingly less oil remaining in the water column above the trap. That is, after the spill
any oil in the water column would naturally disperse over time. Natural dispersion would
predictably result in a uniform decline in oil reaching the trap. However, because
distinct “pulses” of oil deposition (e.g.. Cups 1, 6, 10-12, and 15; Fig. 7) also occurred,
factors other than how much oil was present in the water column at any given time must
have also played a role in determining the sedimentation rates of oil to the seafloor.

It is possible that the observed pulses of higher oil sedimentation could have been
caused by varying amounts of oil within the water column (above the trap) due to some
oscillation of the vestiges of the advecting deep-sea plume (e.g., passing by the trap
during pulses). We have no evidence that such oscillation occurred during the Cups 1,
6, 10-12, or 15 sampling periods. However, we do find relationships exist between the
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distinct “pulses” of oil deposition and the amount and type of “non-oil” particles found
within the trap samples. These relationships are not unexpected since sinking marine
particles, e.g. marine snow, can efficiently collect suspended particles and dissolved
substances within the water column (Passow 2014, Passow et al. 2014, De La Rocha et
al. 2008; Smetacek, 1985), including potentially “scavenging” any “lingering” oil (both
particulate and dissolved).

Evidence for the role of “non-oil” particles can be seen in the positive correlation
between the sedimentation rate of hopane (a proxy for oil deposition independent of
weathering due to its conservative nature) and the rates for particulate matter (PIM and
POM) reaching the trap (Fig. 8A; data from Table 4). This correlation indicates that
during the study period more “lingering” oil was being carried to the seafloor during
periods when higher amounts of particles were sinking. This correlation is very clear for
the three major “pulses” of oil sedimentation (Pulses 1to 3; Cups 1, 10, 10-12), whereas
the last minor pulse (Pulse 4; Cup 15) appears to lag slightly behind a period of higher
particle sedimentation. Notably, however, it is observed that over time the
sedimentation rate for oil (hopane) decreases relative to those for PIM or POM,
indicating less-and-less “lingering” oil remained in the water column over time. This
would seem to make sense as sinking particles (and perhaps other processes)
progressively removed more-and-more of the oil from the water column.

The efficiency at which different types of sinking particles scavenged “lingering” oil
appears to also have played a role. Figure 8 shows the relationships between the
sedimentation rate of oil (hopane) and the rates for POM, lithogenic minerals and
biogenic silica (data from Table 4). Sedimentation rates of POM and PIM peaked at each
“pulse” of hopane sedimentation. Minerals (PIM) and oil may directly form sinking
particles, called oil-mineral aggregates (Omotoso et al. 2002, Stoffyn-Egli and Lee
2002), if they co-occur. However, the associated peak POM fluxes at each hopane
sedimentation “pulse”, suggest that the formation of oil-mineral aggregates may not have
been a dominating the flux events observed here. Instead we propose that sinking
marine snow largely drove sedimentation pulses of oil (hopane) and minerals (Passow
2004): Sinking marine snow potentially accumulates oil and non-sinking minerals
dispersed over a large depth range, whereas the formation of oil-mineral aggregates
requires relatively high concentrations of oil and minerals to co-occur at one depth. In
fact a close correlation between sedimentation of POM and lithogenic minerals (r = 0.91;
n = 19; p <0.001) suggests that the presence or absence of marine snow formed from
organic marine particles drove all observed sedimentation “pulses” during the
investigated time period. It is notable that the sedimentation of oil during Pulses 1 and 3
was also accompanied by increased sedimentation of biogenic silica (Fig. 8B), whereas
increased sedimentation of biogenic silica was lacking during Pulse 2 (Cup 6) and 4
(Cup 15). We interpret this difference to indicate that diatom blooms (biogenic silica)
played an important role in scavenging the “lingering” oil during Pulses 1 and 3. Diatom
aggregates scavenge suspended minerals they encounter during sinking, resulting in the
co-sedimentation of lithogenic minerals and biogenic silica in the presence of deep
nephloid layers (Kumar et al. 1998, Passow et al. 2001) or atmospheric or riverine input
of suspended minerals (Ternon et al. 2010). Diatom aggregates may also efficiently
incorporate oil (Passow 2014) and carry itto depth (Parsons et al., 2014). In contrast,
sedimentation during Pulse 2 (December 2010) and Pulse 4 must have been driven by
non-diatom sinking marine snow consisting for example of zooplankton feeding
structures, Trichodesmium sp. or miscellaneous organic detritus (Alldredge and Silver
1988).
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Finally, the sedimentation rate of TPAH16 (i.e., Priority Pollutant PAHSs) in the trap
samples is largely unrelated to the sinking of Macondo oil, but is included in Table 4
because it clearly demonstrates the high rate of deposition of combustion particles in
late August/early September 2010 (Cup 1) attributed to the in situ burning events (Fig.
4A; described above). Specifically, the TPAH16 sedimentation rate during late
August/early September (Cup 1) was 0.62 pg/m*/d, which is more than 10-times higher
than the average of all subsequent sampling intervals (0.05 £ 0.03 pg/m*/day) and 20-
times higher than existed one year later (0.03 ng/m#/day; Table 4). As described above,
we attribute the “extra” Priority Pollutant PAHs in Cup 1 to the sinking of combustion
particles generated from in situ burning of surface oil during the response to the spill.
Because the last in situ burning occurred July 19 (~5-6 weeks prior to late August/early
September), the TPAH16 sedimentation rate(s) prior to late August, and certainly during
the active ISB events, were likely even higher.

4: Mass and Volume of Macondo Oil Deposited based on Trap Results

The observed hydrocarbon sedimentation rates (Table 4) can be converted into the
mass or volume of Macondo oil being deposited during the study period. This is best
achieved using the sedimentation rate for hopane, a proxy for oil deposition independent
of weathering of the oil due to its conservative nature. Specifically, because the
concentration of hopane in the fresh Macondo oil is known (68.8 mg/kg; Stout, 2015a),
the mass of Macondo oil represented in the trap samples can be calculated from the
hopane sedimentation rates for each sampling interval. In addition, because the density
of fresh Macondo oil is also known (0.8560 g/cm*” at 5°C; Stout, 2015b), the volume can
be similarly calculated.

The results of these calculations - for both mass and volume - are shown in Table 5 for
each of the 21-day sampling intervals. Cup 19 is not included since the chemical
results provide no basis to indicate Macondo oil was present in this “last analyzed” trap
sample. The cumulative totals for Cups 1to 12, i.e., the time period spanning the three
major “pulses” of oil deposition, indicates that approximately 430 kg or 3.2 barrels (bbl)
of Macondo oil were deposited in the km” beneath the trap between late August 2010
through April 2011. These amounts represent about 86% of the total oil deposited over
the trap’s entire sampling period (499 kg and 3.7 bbl; Table 5). About 20% of the total oil
deposited occurred within Pulse 1.

A cumulative total of 3.2 to 3.7 bbl of oil per km* may not seem particularly significant.
However, it must be remembered that the sediment trap only began collecting samples
six weeks after the Macondo well was shut-in (July 15, 2010) and the leak had stopped.
Therefore, we contend the trap samples only represented the vestiges of the “main”
marine oil snow sedimentation and floccuient accumulation (MOSSFA) event that
accompanied the Deepwater Horizon oil spill. That is, the sediment trap sampled the
late season “dustings” of marine oil snow and missed the “blizzard of the century”.

To assess this further, the concentration of Macondo-derived (non-background) hopane
of the seafloor surface (0-1 cm) in cores taken in the same area as the trap was
deployed - as calculated in another study (Stout et al.,, 2015) - were determined. For
the 4 km” area around the sediment trap the average (excess, non-background; * a)
Macondo-derived hopane concentration in the 0-1 cm interval was determined to be 93 £
62 |xg/kg of sediment (Fig. 9). As per Stout et al. (2015; which assumes a bulk density
of the oily floe of 0.105 g/cm*), this concentration of hopane on the seafloor’s surface
indicates that the total volume of Macondo oil deposited in the km” beneath the trap was
on the order of 104 + 69 bbl.
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The large disparity between the volume of Macondo oil on the seafloor (104 + 69 bbl)
and the volume of Macondo oil that was deposited after late August (-3.2 to 3.7 bbl)
suggests that only a small percentage of oil was deposited on the seafloor -4 km
southwest of the well was deposited after \ate August 2010 (when the trap sampling
started), on average, only -3% (3.2 out of 104 bbl). Oppositely, this indicates that
-97% ofthe Macondo oil deposited on the seafloor in this area was deposited before
late August 2010.

Assuming the trap’s location largely is representative of the deep sea, the vast majority
(-97%) of the Macondo oil deposited on the seafloor during the MOSSFA was deposited
before late August 2010, i.e., during the initial marine oil snow “dirty blizzard” and while
the subsea plume persisted. The “lingering” oil that remained in the water column after
the well was shut-in July 15, 2010 - as represented by the sediment trap results studied
herein - then gradually reached the seafloor over the next 13 months (August 2011).
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Table 1: Inventory of sediment trap samples studied. Total mass of particulate

material (g dry) collected in each cup is given at the far right.

Sample
ID for
Plots

Cup 1

Cup 2

Cup 3

Cup 4

Cup 5

Cup 6

Cup7

Cup 8

Cup 9
Cup 10
Cup 11
Cup 12
Cup 13
Cup 14
Cup 15
Cup 16
Cup 17
Cup 18
Cup 19

J - concG ntration is GstimatGd;

Sample ID

GOM2010-2011
GOM2010-2011
GOM2010-2011
GoM2010-2011
GoM2010-2011
GoM2010-2011
GoM2010-2011
GoM2010-2011
GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GOM2010-2011

GoM2010-2011

Sl
Sl
Sl
Sl
Sl
Sl
Sl
Sl
Sl

Sl

Sl

Sl

Sl

Sl

Sl

Sl

Sl

Sl

Sl

Cl 1-16

Cc2
C3
c4
C5
Cc6
c7
Cc8
c9
Clo
cll
C12
C13
C14
CIs
C16
c17
c18
c19

below RL

NA - not available/not analyzed

1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8
1-8

Alpha ID

1304019-01
1308023-01
1308023-02
1308023-03
1308023-04
1308023-05
1308023-06
1308023-07
1308023-08
1304019-02
1304019-03
1308023-09
1308023-10
1308023-11
1308023-12
1308023-13
1308023-14
1308023-15
1304019-04

Open Date

25-Aug-10
15-Sep-10
6-Oct-10
27-Oct-I0
17-Nov-10
8-Dec-10
29-Dec-10
19-Jan-ll
9-Feb-Il
2-Mar-II
23-Mar-lI
13-Apr-ll
4-May-Il
25-May-Il
15-Jun-Il
6-Jul-ll
27-Jul-ll
17-Aug-Il
7-Sep-ll

Close Date

15-Sep-10
S-Oct-10
27-Oct-10
17-Nov-10
8-Dec-10
29-Dec-10
19-Jan-lI
9-Feb-Il
2-Mar-ll
23-Mar-Il
13-Apr-ll
4-May-Il
25-May-II
15-Jun-Il
6-Jul-ll
27-Jul-ll
17-Aug-ll
7-Sep-Il
28-Sep-Il

Mid-Date

4-Sep-10
25-Sep-10
16-Oct-I0
6-Nov-I0
27-Nov-IO
18-Dec-IO
8-Jan-Il
29-Jan-ll
19-Feb-11
12-Mar-Il
2-Apr-ll
23-Apr-ll
14-May-Il
4-Jun-ll
25-Jun-ll
16-Jul-ll
6-Aug-11
27-Aug-ll
17-Sep-Il

22

Days
Deployed

21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21

Sample
Mass

(gwet)

8.41
6.37
4.00
4.47
2.36
4.74
4.34
4.04
371
9.14
513
8.83
3.56
5.12
452
4.35
4.15
3.23
4.16

%Solid

14.31
14.00
17.54
16.33
14.81
17.27
15.63
13.64
17.02
22.04
20.18
11.76
14.58
14.00
14.14
11.86
12.24
18.52
10.58

Sample
Mass
(gdry)
1.20
0.89
0.70
0.73
0.35
0.82
0.68
0.55
0.63
2.01
1.04
1.04
0.52
0.72
0.64
0.52
0.51
0.60
0.44

Fraction

of Total

Sample
16

® ™ 0O © ® O ® ® WO WO O P DD ©

N
=)

Total
Mass
(gdry)
19.3
71
5.6
5.8
28
6.5
5.4
4.4
5.1
16.1
83
8.3
4.2
5.7
5.1
41
41
4.8
35
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Table 2: Inventory of target analytes for the PAH and petroleum blomarkers
quantified in this study. Abbreviations are used in figures throughout the report.

Abbrev A nalytes

Do
D1
D2
D3

PAI

PAS
PA4
DBTO
DBTI
DBT2
DBT3
DBT4

cis/trans-Decalin

Cl-Decalins

C2-Decalins

C3-Decalins

C4-Decalins

Benzothiophene
Cl-Benzo(b)thiophenes
C2-Benzo(b)thiophenes
C3-Benzo(b)thiophenes
C4-Benzo(b)thiophenes
Naphthalene

Cl-Naphthalenes
C2-Naphthalenes

C3 Naphthalenes
C4-Naphthalenes

Biphenyl

Dibenzofuran

Acenaphthylene

Acenaphthene

Fluorene

Cl-Fluorenes

C2-Fluorenes

C3-Fluorenes

Anthracene

Phenanthrene
Cl-Phenanthrenes/Anthracenes
C2-Phenanthrenes/Anthracenes
C3-Phenanthrenes/Anthracenes
C4-Phenanthrenes/Anthracenes
Dibenzothiophene
Cl-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
C4-Dibenzothiophenes

Abbrev
BF
FLO
PYO
FPI

BJKF

IND
DA
GHI

TPAH50
TPAH 16

Analytes

Benzo(b)fluorene
Fluoranthene

Pyrene
Cl-Fluoranthenes/Pyrenes
C2-Fluoranthenes/Pyrenes
C3-Fluoranthenes/Pyrenes
C4-Fluoranthenes/Pyrenes
Naphthobenzothiophenes
Cl-Naphthobenzothiophenes
C2-Naphthobenzothiophenes
C3-Naphthobenzothiophenes
C4-Naphthobenzothiophenes
Benz[a]anthracene
Chrysene/Triphenylene
Cl-Chrysenes

C2-Chrysenes

C3-Chrysenes

C4-Chrysenes
Benzo[b]fluoranthene
Ben2o[jk]fluoranthene
Ben2o[a]fluoranthene
Benzo[e]pyrene
Ben2o[alpyrene

Perylene
Indeno[1,2,3'ccl]pyrene
Dibenz[a,h]anthracene

Ben2o[g,h,i]perylene

I NOthrough GHI, excl PER

L bold compounds

Abbrev
T4
T5
T6

Téa
Téb
Tée
T7
T8
T9
TIO
Til
Tlla
Tlb
T12
T14a
T14b
T15
T16

T17
T18
T19
T20
T21
T22
T26
T27
T30
T31
T32
T33
T34
T35

Analytes
C23TricyclicTerpane
C24TricyclicTerpane
C25TricyclicTerpane
C24TetracyclicTerpane
C26TricyclicTerpane-22S
C26TricyclicTerpane-22R
C28TricyclicTerpane-22S
C28TricyclicTerpane-22R
C29TricyclicTerpane-22S
C29TricyclicTerpane-22R

18a-22,29,30-Trisnorneohopane-TS

C30TricyclicTerpane-22S
C30TricyclicTerpane-22R

17a(H) 22,29,30 Trisnorhopano TM
17a/b,21b/a 28,30-Bisnorhopane

17a(H),21b(H)-25-Norhopane
30-Norhopane

18a(H)-30-Norneohopane-C29Ts

17a(H)-Diahopane
30-Normoretane
18a(H)&18b(H)-Oleananes
Hopane

Moretane
30-Homohopane-22S
30-Homohopane-22R
30,31-Bishomohopane-22S
30,31-Bishomohopane-22R
3D,31-Trishomohopane-22S
3D,31-Trishomohopane-22R
Tetrakishomohopane-22S
Tetrakishomohopane-22R
Pentakishomohopane-22S
Pentakishomohopane-22R

23

Abbrev
S4
S5
S8

$12/813

$17/818

S18x
S19
S20
S24
S§25
S28
S14
S$15
S22
S23
526
827

RC26/SC27TA
SC28TA
RC27TA
RC28TA

Analytes

13b(H),17a(H)-20S-Diacholestane
13b(H),17a(H)-20R-Diacholestane
13b,17a-20S-Methyldiacholestane
14a(H),17a(H)-20S-Cholestane +

13b(H),17a(H)-20S-Ethyldiacholestane

14a(H),17a(H)-20R-Cholestane +

13b(H),17a(H)-20R-Ethyldiacholestane

Unknown sterane

13a,17b-20S-Ethyldiacholestane
14a,17a-20S-Methylcholestane
14a,17a-20R-Methylcholestane

14a(H),17a(H)-20S-Ethylcholestane
14a(H),17a(H)-20R-Ethylcholestane

14b(H),17b(H) 20R Cholostano
14b(H),17b(H)-20S-Cholestane
14b,17b-20R-Methylcholestane
14b,17b-20S-Methylcholestane

14b(H),17b(H)-20R-Ethylcholestane
14b(H),17b(H)-20S-Ethylcholestane
C26,20R- +C27,20S-triaromatic steroid

C€28,20S-triaromatic steroid
C27,20R-triaromatic steroid
C28,20R-triaromatic steroid
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Table 3: Concentrations of hydrocarbons in sediment trap samples.

Sample

Cup 1
Cup 2
Cup 3
Cup 4
Cup 5
Cup 6
Cup 7
Cup 8
Cup9
Cup 10
Cup 11
Cup 12
Cup 13
Cup 14
Cup 15
Cup 16
Cup 17
Cup 18
Cup 19

Mid-Date

4-Sep-10
25-Sep-10
16-Oct-10
6-Nov-10
27-Nov-10
18-Dec-10
8-Jan-ll
29-Jan-ll
19-Feb-Il
12-Mar-Il
2-Apr-ll
23-Apr-ll
14-May-Il
4-Jun-ll
25-Jun-ll
16-Jul-ll
6-Aug-ll
27-Aug-ll
17-Sep-ll

TPH

625
422
383
431
559
474
352
318
217J
253
308
172
182J
137J
155J
118J
105J
123J
21

HYDROCARBON CONCENTRATIONS

TPAH16 TPAH50 Hopane

0.339
0.074
0.088
0.100
0.126
0.132
0.093
0.092
0.082
0.104
0.097
0.107
0.092
0.094
0.094
0.083
0.070
0.066
0.048

J- concentration is estimated; below RL

24

(Hg/g dt7)

1.637
0.791
0.803
0.970
1.358
1.801
0.840
0.796
0.719
0.817
0.982
0.859
0.663
0.545
0.616
0.418
0.310
0.286
0.064

0.176
0.165
0.167
0.223
0.242
0.275
0.149
0.137
0.113
0.100
0.122
0.108
0.103
0.079
0.105
0.074
0.067
0.079
0.045

Perylene

0.042
0.016
0.022
0.019
0.021
0.021
0.017
0.015
0.017
0.038
0.027
0.020
0.019
0.022
0.019
0.017
0.011
0.014
0.017
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Table 4: Sedimentation rates of hydrocarbons (left) and bulk metrics (PIM, POM,
POC, lithogenic and biogenic silica) in sediment trap samples.

Sample

Cup 1
Cup 2
Cup 3
Cup 4
Cup 5
Cup 6
Cup 7
Cup8
Cup9
Cup 10
Cup 11
Cup 12
Cup 13
Cup 14
Cup 15
Cup 16
Cup 17
Cup 18
Cup 19

Mid-Date

4-Sep-10
25-Sep-I0
16-Oct-10
6-Nov-I0
27-Nov-IO
18-Dec-10
8-Jan-Il
29-Jan-Il
19-Feb-Il
12-Mar-Il
2-Apr-ll
23-Apr-ll
14-May-Il
4-Jun-ll
25-Jun-ll
16-Jul-ll
6-Aug-ll
27-Aug-ll
17-Sep-Il

WAW.NEwfiElds.com

HYDROCARBON SEDIMENTATION

TPH

1146
287
204
240
149
296
182
133
104
388
243
136
72
75
75
46
41
56
142

RATES (lig/mVday)

TPAH16 TPAH50 Hopane

0.62
0,05
0,05
0,06
0.03
0,08
0,05
0,04
0,04
0,16
0,08
0,08
0,04
0,05
0,05
0,03
0,03
0,03
0,03

3.00
0,54
0,43
0,54
0.36
1,12
0,43
0,33
0,35
1,25
0,77
0,68
0,26
0,30
0,30
0,16
0,12
0,13
0,04

0.32
0,11
0,09
0,12
0.05
0,17
0,08
0,05
0,05
0,15
0,10
0,09
0,04
0,04
0,05
0,03
0,03
0,04
0,03

BULK SEDIMENTATION RATES

PIM

1228
469
334
402
208
513
348
288
234

558
582
177
542
369
204
305
212
265

(mg/mVday)
POM Litho-
Sillca
334 802
198 345
89 283
101 337
53 177
156 451
115 286
137 234
87 194
265 853
158 491
172 494
66 151
196 455
84 310
87 167
119 238
79 161
132 184

30D IEdgEwnod PIEEE, Soite 3D5, Rookland, Massaohosotts D237D  T.7S1.B81.5D4D

Bio-
Silica
397
117
44
57
22
47
48
39
30
119
51
76
22
7
51
32
59
44
7
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Table 5: Hopane-based mass and volume of Macondo oil deposited on the
seafloor in the area and time period represented by the sediment trap.

Sample

Cup 1
Cup 2
Cup 3
Cup 4
Cup 5
Cup 6
Cup 7
Cup 8
Cup 9
Cup 10
Cup 11
Cup 12
Cup 13
Cup 14
Cup 15
Cup 16
Cup 17
Cup 18

Mid-Date

4-Sep-I0
25-Sep-10
16-Oct-10
6-Nov-I0
27-Nov-10
18-Dec-IO
8-Jan-Il
29-Jan-ll
19-Feb-II
12-Mar-Il
2-Apr-ll
23-Apr-ll
14-May-11
4-Jun-ll
25-Jun-Il
16-Jul-ll
6-Aug-ll
27-Aug-ll

HOPANE-BASED MACONDO OIL SEDIMENTATION RATE

Hopane
Flux
(mg/mV
day)

3.23E-04
1.12E-04
8.90E-05
1.24E-04
6.44E-05
1.71E-04
7.72E-05
5.77E-05
5.44E-05
1.53E-04
9.62E-05
8.56E-05
4.06E-05
4.29E-05
5.12E-05
2.91E-05
2.60E-05
3.59E-05

*hopane in fresh oil 68.8 mg/kg

density 0.8560 g/cm™” at S°C; bbl :

Mass Oil*
(kg/kmV

day)

4.69
1.63
1.29
1.80
0.94
2.49
1.12
0.84
0.79
2.22
1.40
1.24
0.59
0.62
0.74
0.42
0.38
0.52

Volume
oil**
(bbl/lkmV
day)

0.034
0.012
0.010
0.013
0.007
0.018
0.008
0.006
0.006
0.016
0.010
0.009
0.004
0.005
0.005
0.003
0.003
0.004

barrels (42 US gallons)

Totals (Cups 1to 12):
Totals (Cups 1to 18):

Mass Oil
(kg/km*
per 21-

sampling

Interval)

day

98.5
34.3
27.2
37.8
19.7
52.3
23.6
17.6
16.6
45.6
294
25.1
124
131
15.6
8.9
7.9
10.9

Volume
OH
(bbl/km*
per 21-
day

Cumulatl
ve
Percent
of Total
(Cups 1

sampling to 18)

Interval)
0.72 20 Pulse 1
0.25
0.20
0.28
0.14
0.38
0.17
0.13
0.12
0.34
0.22
0.19
0.09
0.10
0.11
0.07
0.06
0.08

-
o P ® o~

Pulse 2

Pulse 3

Pulse 4

N NN O WONOOO O© wd oo

Cumulative Totals

26

(kg)
430
499

(bbl)
3.2
3.7
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Figure 1: Map showing the location of the sediment trap relative to the
Macondo well and Biloxi Dome. Concentric rings in miles. Photograph (by
author Uta Passow) shows funnel-shaped Kiel; note sample bottle carousel visible

at the bottom of the trap.
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Figure 2: Plot showing the concentrations of hydrocarbons in sediment
trap samples collected over time. All data from Table 3. Note the different
units. Photograph at bottom shows the original sample bottle appearance.
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Figure 3: GC/FID chromatograms for TPH in (A) Cup 1 (Pulse 1; Aug 2010),
(B) Cup ¢ (Pulse 2; Dec. 2010), (C) Cup 11 (Pulse 3; April 2011), (D) Cup 15
(Pulse 4; June 2011), (E) Cup 19 (Sept. 2011) and (F) typical seafloor floe in
surface sediment (0-1 cm; SB9-65-B0528-S-LBNL3-HC-0929) collected in
May 2011 about 1 km southeast of the trap. * - internal standards; 8 -
squalene; A - unidentified unsaturated branched isoprenoids and cyclic
terpenoids attributed to biomass (not oil); # - n-alkane carbon number; UCM -
unresolved complex mixture.
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Figure 4: Histograms
showing
concentrations of
PAHs in (A) Cup 1
(Pulse 1; Aug 2010),
(B) Cup s (Pulse 2;
Dec. 2010), (C) Cup 11
(Pulse 3; Mar. 2011),
(0) Cup 15 (Pulse 4;
June 2011), (E) Cup 19
(Sept. 2011) and (F)
average seafloor floe
containing Macondo
oil in surface (0-1 cm)
sediments collected 3
to 5 miles from the
wellhead (n=z0; from
Stout, 2015, in
preparation). All
concentrations in |ig/g
dry wt. For compound
abbreviations see Table
2. Dark blue bars
indicate Priority
Pollutant PAH used in
calculating TPAH16.
Green bar is perylene
attributed largely to
biomass, notoil. Arrows
indicate excess Priority
Pollutant PAHSs; see text
for description. Error
bars in (E) = la.
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Figure 5: Histograms
showing hopane-normalized
distributions of triterpanes
(blue), steranes and
diasteranes (red), and
triaromatic steroids (yellow)
in (A) Cup 1 (Pulse 1; Aug
2010), (B) Cup & (Pulse 2;
Dec. 2010), (C) Cup 11
(Pulse 3; Mar. 2011), (D) Cup
15 (Pulse 4; June 2011) and
(E) Cup 19 (Sept. 2011).
Light blue stipple indicates
naturally-occurring
interferences with target
analytes. Distributions for
fresh Macondo oil (Stout,
2014a) and average seafloor
floe containing Macondo oil in
surface (0-1 cm) sediments 3
to 5 miles from the wellhead
(per Stout, 2015, in
preparation) are given for
comparison. Arrows indicate
biodegradation susoeptible
C27 pa-diasteranes (S4 and
S5) and Cz7 pp-steranes (S14
& S15); loss of c.7 aa-
steranes (S12 and S17) is
suspected but confounded by
co-elutions; see text. Error
bars in (A) = lo .
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Figure s : Plot showing percent depletions (relative to hopane; Eq. 1) of C2r
Pa-diasteranes and Cz7 pp-steranes in sediment trap samples collected
over time. Increased depletion over time shows progressive biodegradation of
these biomarkers occurred in the water column. Photograph at bottom shows
the original sample bottle appearance.
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Figure 7: Plot showing flux of hydrocarbons in sediment trap samples

collected overtime.

bottle appearance.

All data from Table 4.

Note the units for TPH are different
than for TPAH50 and hopane. Photograph at bottom shows the original sample
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Figure 8: Plots showing fluxes of hopane versus (A) POM and PIM and (B)
silica type (lithogenic and biogenic) in sediment trap samples collected over
time. All data from Table 4. Photograph at bottom shows the original sample

bottle appearance.
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Figure 9: Map showing the location of the sediment trap studied and the average
Macondo-derived (i.e., non-background) hopane concentrations in km” blocks
located two to six miles southwest of the wellhead (as per Stout et al. 2015). These
concentrations reflect the average “excess” (non-background) hopane contained in
Macondo-derived seafloor floe found in surface sediments (0-1 cm) about 2 to 6 miles
southwest of the wellhead. Red points show the locations of cores containing Macondo-
derived seafloor floe from which “excess” average hopane concentrations were calculated
and interpolated. The four km* around the sediment trap (red square) have an average (*
a) “excess” hopane concentration of 93 + 62 pg/kg.
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